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G r i f f i t h  Hamlin Jr. 

ABSTRACT 

Raster s c a n  computer g r a p h i c s  d i s p l a y s  r e q u i r e  t h e  image g e n e r a t e d  

by t h e  program t o  b e  c o n v e r t e d  t o  raster s c a n  o r d e r .  T h i s  i s  a l m o s t  

a lways done u s i n g  a large frame b u f f e r  memory. An a l t e r n a t i v e  

t e c h n i q u e  i s  t o  s u b s t i t u t e  f o r  t h e  frame b u f f e r  memory enough 

p r o c e s s i n g  power t o  pe r fo rm t h e  conversion "on t h e  f l y "  f o r  each frame. 

It a p p e a r s  t h a t  m i c r o p r o c e s s o r s  can  now p r o v i d e  t h i s  p r o c e s s i n g  power 

a t  l o w  c o s t .  One p o s s i b l e  implementat ion of such  a r a s t e r - s c a n  

c o n v e r s i o n  a l g o r i t h m  i s  p r e s e n t e d  which u s e s  one L S I  m i c r o p r o c e s s o r  and 

one s m a l l  s p e c i a l  pu rpose  p r o c e s s o r  running c o n c u r r e n t l y  i n  a p i p e l i n e d  

f a s h i o n .  With today ' s  microprocessor  t echno logy ,  t h i s  approach i s  

shown t o  be  f e a s i b l e  and i t s  economics compare f a v o r a b l y  w i t h  a f rame 

b u f f e r  system of similar performance. 

T h i s  r e p o r t  w i l l  b e  p r e s e n t e d  a t ,  and w i l l  a p p e a r  i n  the  p r o c e e d i n g s  o f ,  
The F i r s t  Annual Rocky Mountain Symposium o n  Microcomputers:  Systems 
S o f t w a r e  A r c h i t e c t u r e .  It w a s  prepared as a r e s u l t  of work performed 
under  NASA C o n t r a c t  No. NAS1-14101 whi l e  the a u t h o r  w a s  i n  r e s i d e n c e  a t  
ICASE, NASA Lang ley  Research Center, Hampton, V A  23665. 
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I. INTRODUCTION 

Computer g r a p h i c s  d i s p l a y  d e v i c e s  can be c l a s s i f i e d  as e i t h e r  

random o r  raster s c a n  dev ices .  Random s c a n  d e v i c e s  a l l o w  t h e  image t o  

b e  drawn on t h e  d i s p l a y  i n  any o r d e r  g e n e r a t e d  by a n  a p p l i c a t i o n  

program. For  l i n e  drawings,  t h i s  i s  o f t e n  s p e c i f i e d  by a l i s t  of 

v e c t o r  e n d p o i n t s .  Raster scan d e v i c e s  are  c o n s t r a i n e d  t o  d i s p l a y  t h e  

image a c c o r d i n g  t o  some s p e c i f i c  o r d e r ,  u s u a l l y  l e f t  t o  r i g h t  a l o n g  

h o r i z o n t a l  s c a n l i n e s .  The re fo re ,  b e f o r e  d i s p l a y i n g  a n  image g e n e r a t e d  

by a program, t h e  d a t a  must somehow b e  s o r t e d  so  t h a t  i t  is  a v a i l a b l e  

t o  t h e  raster d i s p l a y  d e v i c e  i n  t h e  p r o p e r  o r d e r .  T h i s  raster s c a n  

c o n v e r s i o n  p r o c e s s  poses  a n  added complexi ty  f o r  ras ter  s c a n  d i s p l a y s .  

However, once t h i s  conversion i s  accomplished,  ras te r  s c a n  d i s p l a y s  

have some advan tages  o v e r  random scan .  

F i r s t ,  c o n s t r a i n i n g  t h e  d e f l e c t i o n  of a CRT d i s p l a y  t o  f o l l o w  a 

f i x e d  r a s t e r - s c a n  p a t t e r n  cons ide rab ly  s i n p l i f i e s  t h e  a n a l o g  d e f l e c t i o n  

e l e c t r o n i c s  needed. Ordinary t e l e v i s i o n  r e c e i v e r s  a re  ras ter  s c a n  CRT 

d e v i c e s .  Compared t o  a v a i l a b l e  randon s c a n  computer d i s p l a y  d e v i c e s  

they  are  inexpens ive ,  provide c o l o r ,  and r e q u i r e  much less ad jus tmen t  

of t h e  a n a l o g  d e f l e c t i o n  c i r c u i t r y .  A l s o  t hey  a re  wide ly  used .  

Second, t h e  t ime r equ i r ed  t o  d i s p l a y  one frame w i t h  ras ter  s c a n  

d e v i c e s  i s  a c o n s t a n t  (1130 s e c  u s u a l l y ) .  Random s c a n  d e v i c e s ,  

however, u s u a l l y  r e q u i r e  a d i s p l a y  t ime roughly p r o p o r t i o n a l  t o  t h e  



t o t a l  Length of a l l  v e c t o r s  be ing  d i s p l a y e d .  Complex p i c  t u r e s  may 

r e q u i r e  too much t i m e  t o  d i s p l a y  (ove r  1 /30  s e c )  and t h e r e f o r e  a p p e a r  

t o  f l i c k e r .  On r a s t e r  s c a n  d e v i c e s  a n  a r b i t r a r i l y  complex image can be  

d i s p l a y e d  w i t h o u t  f L icke r  p rov ided  i t  is  s p e c i f i e d  w i t h i n  t lw 

r e s o l u t i o n  l i m i t s  of t h e  raster s c a n  d i s p l a y .  Thus r a s t e r  scan dc.vic:cs 

a r e  u s u a l l y  used when i t  i s  d e s i r a b l e  t o  d i s p l a y  scirfaces,  w I i i ( . l i  

r e q u i r e  cons ide rab ly  more d i s p l a y e d  v e c t o r  l e n g t h  t h a n  c o r r e s p o n d i n g  

l i n e  drawings.  However, raster s c a n  d e v i c e s  s u f f e r  f r o n  a "s ta i r  

s t e p p i n g "  e f f e c t  when used t o  draw non-hor i zon ta l  o r  n o n - v e r t i c a l  

l i n e s .  Random s c a n  d e v i c e s  do n o t  s u f f e r  from t h i s  e f f e c t .  

11. APPROACHES TO RASTER-SCAN CONVERSION 

A frame b u f f e r  memory i s  a lmos t  u n i v e r s a l l y  used t o  accomplish t h e  

r a s t e r - s c a n  conve r s ion  p r o c e s s .  b u f f e r  memory. One word of t h i s  

memory i s  a s s i g n e d  t o  each r e s o l v a b l e  ( x , y )  p o s i t i o n  on t h e  d i s p l a y  s o  

t h a t  i n c r e a s i n g  a d d r e s s e s  s c a n  t h e  d i s p l a y  s c r e e n  i n  t h e  r a s t e r - s c a n  

o r d e r .  The c o n t e n t s  of any one word of t h i s  memory s p e c i f y  t h e  

i n t e n s i t y / c o l o r  of t h e  a s s o c i a t e d  p o s i t i o n  on t h e  s c r e e n .  The frame 

b u f f e r  memory i s  loaded i n  any o r d e r  r e q u i r e d  by t h e  program w i t h  

i n t e n s i t y / c o l o r  i n f o r m a t i o n  d e s c r i b i n g  an image. The  r a s t e r - s c a n  

o u t p u t  i s  t h e n  produced by scann ing  t h e  memory s e q u e n t i a l l y  from i t s  

lowes t  t o  h i g h e s t  a d d r e s s .  The o p e r a t i o n  performed h e r e  i s  a c t u a l l y  a 

"bucket s o r t "  w i t h  each word of t h e  frame b u f f e r  b e i n g  one  bui.ket 

c a p a b l e  of h o l d i n g  one datum. 

. 

Using a frame b u f f e r  memory w i t h  h igh  r e s o l u t i o n  o r  inatIy 

i n t e n s i t y / c o l o r  l e v e l s  r e q u i r e s  much memory. For  example, a 512x512 
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r e s o l u t i o n  w i L h  512 i n t e n s i t y / c o l o r  combina t ions  r e q u i r e s  

5 1 2 x 5 1 2 ~ 9  = 2 ,359 ,296  b i t s  of memory. Also,  t o  p r o v i d e  real  t i m e  

motion,  each c o n s e c u t i v e  frame may d i s p l a y  d i f f e r e n t  images. F o r  t h i s ,  

t h e  memory speed must be f a s t  enough t o  a l l o w  a new iinage t o  b e  w r i t t e n  

i n t o  t h e  frame b u f f e r  w i t h i n  one frame t i m e  (1/30 s e c ) .  T h i s  w r i t i n g  

t i m e  i s  a f u n c t i o n  o f  t he  complexi ty  of t h e  p i c t u r e .  I n  g e n e r a l ,  

w r i t i n g  must proceed one word a t  a t i m e  s i n c e  access is random. Of 

c o u r s e ,  i f  real-time motion i s  n o t  d e s i r e d ,  t h e  frame b u f f e r  can  be  

f i l l e d  s l o w l y ,  a f t e r  which i t  can  be  d i s p l a y e d  f o r  many frames. 

An a l t e r n a t i v e  approach i s  t o  pe r fo rm t h e  raster c o n v e r s i o n  p r o c e s s  

by s o r t  t e c h n i q u e s  t h a t  do not r e q u i r e  a l a r g e  memory. V i t h  t h i s  

approach,  enough p r o c e s s i n g  power i s  r e q u i r e d  f o r  t h e  e n t i r e  s o r t  t o  be 

done "on t h e  f l y "  f o r  each frame,  even f o r  s y s t e m s  w i t h o u t  real-time 

motion. T h i s  approach t h e r e f o r e  would seem t o  be u s e f u l  f o r  s y s t e m s  

which need real  t i m e  motion. A l s o ,  t h e  complexi ty  of a moving image 

t h a t  can be  hand led  i n  r e a l  t i m e  i s  now de te rmined  by t h e  speed of t h i s  

p r o c e s s i n g  r a t h e r  t han  by the speed of t h e  frame b u f f e r  memory. Using 

t h e  approach d e s c r i b e d  below, t h e  speed of t h e  p r o c e s s o r s  must grow 

l i n e a r l y  w i t h  r e s o l u t i o n  t o  d i s p l a y  a n  image of a g iven  complexi ty .  

Frame b u f f e r  memory s i z e  and speed grow a s  t h e  s q u a r e  of t h e  

r e s o l u t i o n .  Thus t h e  processor  s o r t  approach a p p e a r s  u s e f u l  f o r  

s y s t e m s  r e q u i r i n g  high r e s o l u t i o n .  Jo rdan  and B a r r e t t i l ]  proposed one 

such c o n v e r s i o n  a l g o r i t h m  f o r  l i n e  drawings.  Earlier, Erdahl[21 

d e s c r i b e d  t h e  d e s i g n  of hardware f o r  e x e c u t i n g  t h e  l a s t  p o r t i o n  of t h e  

s c a n  c o n v e r s i o n  p r o c e s s  f o r  s u r f a c e  drawings.  More r e c e n t l y ,  Meyer [ 3 ]  

h a s  r e p o r t e d  on a systcni i n  o p e r a t i o n  w i t h  hardware f o r  t h i s  purpose.  

3 



Large €rar,ie b u f f e r s  f o r  h i g h  r e s o l u t i o n  d i p l a y s  dre  bcconrning 

econon ica l ly  f e a s i b l e  due t o  t h e  dropping  c o s t  of memory f o r  Erane 

S u f f e r s .  However, p r o c e s s o r  c o s t  i s  a l s o  d ropp ing  w i t h  t h e  a d v e n t  of 

i nexpens ive  mic roprocesso r s .  I n  t he  f o l l o w i n g  s e c t i o n ,  a method of 

r a s t e r - s c a n  conve r s ion  i s  p r e s e n t e d  which cou ld  be  implemented u s i n g  

several small p r o c e s s o r s  runn ing  c o n c u r r e n t l y .  Such a sys t em would b e  

c a p a b l e  of moderate  r e s o l u t i o n  and real  t ine  n o t i o n  of modera te ly  

complex iinages. It i s  argued  t h a t  t h e  p r o c e s s o r s  now becomming r e a d i l y  

a v a i l a b l e  have  t h e  c a p a b i l i t y  of per forming  t h e  raster s c a n  c o n v e r s i o n  

p r o c e s s  and t h a t  because  o f  t h e i r  c o s t  r e l a t i v e  t o  memory t h i s  

approach  c u r r e n t l y  compares f a v o r a b l y  w i t h  a frame b u f f e r  sys tem of 

s imi l a r  parameters .  

c o s t s ,  

111. RASTER-SCAN CONVERSION PROCEDURE 

I n  o rde r  t o  show t h e  f e a s i b i l i t y  of u s i n g  c o n c u r r e n t  p r o c e s s o r s  t o  

implement t h e  approach d e s c r i b e d  i n  t h i s  s e c t i o n ,  w e  will assume 

reasonab le  r e s o l u t i o n  and p i c t u r e  complexi ty  pa rame te r s ,  de t e rmine  t h e  

r e q u i r e d  p r o c e s s i n g  speeds ,  and t h e n  p r e s e n t  one p o s s i b l e  d e s i g n  u s i n g  

t h e s e  p rocesso r s  t h a t  cou ld  be implemented from r e a d i l y  a v a i l a b l e  

n i c r o p r o c e s s o r  cornponents . F i n a l l y  w e  make a comparison o f  hardware 

requi rements  of t h i s  implementa t ion  w i t h  t h e  r equ i r emen t s  of a f rame 

b u f f e r  implementat ion.  S p e c i f i c a l l y ,  
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1 .  Assume 512x512 r e s o l u t i o n .  T h i s  is  a d e q u a t e  f o r  many purposes .  

2. Assume 9 b i t s  of i n t e n s i t y / c o l o r  l e v e l s  ( s a y  8 l e v e l s  of each of 3 
c o l o r s  1. 

3. Assume t h e  p i c t u r e  complexi ty  is  a t  most 2000 s t r a i g h t  v e c t o r s  ( f o r  
l i n e  drawings)  o r  2UOO s u r f a c e  edges  ( i n  t h e  c a s e  of s u r f a c e  
d rawings ) .  T h i s  number was o b t a i n e d  by c o u n t i n g  l i n e s  on s e v e r a l  
drawings of a i r c r a f t  and s p a c e c r a f t  o b t a i n e d  from e n g i n e e r s  
involved  i n  v e h i c l e  a n a l y s i s  a t  NASA Langley Research  Center .  

4.  Assume t h e  maximum number of v e c t o r s  ( s u r f a c e  edges )  t h a t  
i n t e r s e c t  any h o r i z o n t a l  s c a n  l i n e  is 500. T h i s  i s  25 p e r c e n t  of 
t h e  e n t i r e  p i c t u r e .  The drawings  mentioned i n  (3 )  above had a t  
most 13  p e r c e n t  of t h e i r  v e c t o r s  on any one  s c a n  l i n e .  

5. Assume a r e f r e s h  r a t e  of 30 f rames lsecond.  

I n  o r d e r  t o  compare t h e  c o s t  of implementing t h i s  r a s t e r - s c a n  

conve r s ion  method w i t h  the f rame-buffer  method, we must be a b l e  t o  

compare p r o c e s s o r s  w i t h  some e q u i v a l e n t  amount of memory. A q u i c k  

s e a r c h  th rough  t h e  microcomputer l i t e r a t u r e  a t  t h e  t ime of t h i s  w r i t i n g  

r e v e a l s  t h a t  a microprogrammable p r o c e s s o r  can  be o b t a i n e d  f o r  approx i -  

ma te ly  t h e  c o s t  of 24K by tes  of MOS memory. Such p r o c e s s o r s  are today  

a v a i l a b l e  on a few LSI c i r c u i t s ,  are microprogrammable,  can  be  imple- 

mented w i t h  any conven ien t  word s i z e  ( b i t  s l i c e d ) ,  and can  e x e c u t e  5 t o  

10 m i l l i o n  m i c r o i n s t r u c t i o n s  p e r  second. A p r o c e s s o r  of t h i s  c l a s s  

w i t h  an a p p r o p r i a t e  word s i z e  w i l l  h e r e a f t e r  be c a l l e d  a " f a s t  micro-  

p r o c e s s o r . "  T h e i r  c o s t  r e l a t i v e  t o  memory c o s t  may o r  may n o t  remain 

c o n s t a n t  i n  t h e  f u t u r e .  A t  a l o w  l e v e l  b o t h  p r o c e s s o r s  and memorv b i t s  

may be  r ega rded  as  some number of l o g i c  g a t e s  t o  be f a b r i c a t e d  o n t o  one 

L S I  i n t e g r a t e d  c i r c u i t .  For t h i s  r e a s o n  one might  e x p e c t  t h e  c o s t s  of 

p r o c e s s o r s  and memory t o  be a t  l e a s t  somewhat c o r r e l a t e d .  
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A.  INPUT DATA AND Y-SORT PROCESSOR 

The inpu t  d a t a  d e s c r i b e ,  i n  an encoded manner, t h e  image t o  be  

conve r t ed  t o  r a s t e r - s c a n .  T h i s  c o n s i s t s  mainly of t h e  e n d p o i n t s  of 

v e c t o r s  along w i t h  t h e i r  i n t e n s i t y / c o l o r .  To g e n e r a t e  sur1ac:c irn.q;es, 

t h e s e  v e c t o r s  are  t a k e n  t o  r e p r e s e n t  t h e  l e f t  edge of t h e  s u r f i i c e ,  i n  a 

manner desc r ibed  i n  s e c t i o n  C .  For t h i s  example ,  e n d p o i n t s  are g i v e n  

as p a i r s  of 9 b i t  i n t e g e r s  of ( x , y )  s c r e e n  c o o r d i n a t e s .  A v e c t o r  from 

(Xs,Ys) t o  (Xe,Ye) of i n t e n s i t y  I i s  d e s c r i b e d  by 5 9 - b i t  words 

* 

c o n s i s t i n g  o f :  

K i thou t  loss of g e n e r a l i t y ,  assume Y s  5 Ye. We assuine t h e  e x i s t e n c e  of 

some computer c a p a b l e  of g e n e r a t i n g  t h i s  l i s t  eve ry  1 / 3 0  second i f  real  

t i n e  motion i s  r e q u i r e d  of t h e  e n t i r e  image. All t r a n s f o r m a t i o n s  

( r o t a t i o n ,  s c a l i n g ,  e t c . )  are  assumed t o  have been p e r f o m e d  on t h i s  

d a t a .  Alphanumeric d a t a  and o t h e r  g r a p h i c s  commands cou ld  e a s i l y  be  

accomodated, but  a r e  not  r e l e v a n t  f o r  t h i s  d i s c u s s i o n .  

The r a s t e r - s c a n  c o n v e r s i o n  p rocedure  d e s c r i b e d  h e r e  c o n s i s t s  of 

s e v e r a l  s o r t  and merge o p e r a t i o n s  on t h e  image d a t a .  E e f e r r i n g  t o  

FIGURE 1, w e  f i r s t  s o r t  t h e  i n p u t  d a t a  i n t o  a scend ing  o r d e r  o f  Y s ,  

u s i n g  a Y-sort mic roprocesso r .  T h i s  p roduces  t h e  Y-sorted v e c t o r  l i s t .  

: ;ext,  using a s c a n  l i n e  p r o c e s s o r ,  we produce a s t a n d a r d  ras te r  s c a n  
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* 

v i d e o  s i g n a l .  Each of t h e  p i p e l i n e d  p r o c e s s o r s  communicates w i t h  t h e  

n e x t  one by s h a r e d  memory b u f f e r s .  Double b u f f e r s  are used s o  t h a t  t h e  

Y-sort p r o c e s s o r  can b e  p r o c e s s i n g  frame n+l  w h i l e  t h e  s c a n  l i n e  

p r o c e s s o r  i s  p r o c e s s i n g  frame n from t h e  second b u f f e r .  For t h e  Y-sort 

p r o c e s s o r ,  a bucke t  s o r t  would be a p p r o p r i a t e  w i t h  512 b u c k e t s ,  each  of 

v a r i a b l e  s i z e .  T h i s  s u g g e s t s  a d a t a  s t r u c t u r e  c o n s i s t i n g  of a se t  of 

512 l i n k e d  l i s t s ,  one l i s t  c o r r e s p o n d i n g  t o  t h e  Y v a l u e  of each  scan 

l i n e .  Also, w h i l e  s o r t i n g ,  t h e  Y-sort p r o c e s s o r  s h o u l d  r e p l a c e  X e  w i t h  

dx/dy = (Xs-Xe)/(Ys-Ye), c a l c u l a t e d  t o  18 b i t s  p e r c i s i o n .  A moment's 

r e f l e c t i o n  w i l l  show t h a t  18 b i t s  are  needed t o  s p e c i f y  t h e  s l o p e  w i t h  

t h e  same p r e c i s i o n  contained i n  t h e  o r i g i n a l  d a t a .  To p r o c e s s  2000 

v e c t o r s  i n  1/30 second requires a p r o c e s s o r  f a s t  enough t o  p r o c e s s  one 

v e c t o r  each 3 3  u s ,  on t h e  average.  T h i s  co r re sponds  t o  a b o u t  200 t o  

300 i n s t r u c t i o n  execu t ions .  A coun t  of execu ted  i n s t r u c t i o n s  i n  a 

small program w r i t t e n  f o r  t h e  INTEL 3000 ser ies[5]  m i c r o p r o c e s s o r  shows 

t h a t  t h i s  " f a s t  microprocessor"  can h a n d l e  t h e  s o r t ,  s l o p e  c a l c u l a t i o n ,  

and l i n k e d  l i s t  man ipu la t ion  i n  t h e  r e q u i r e d  t i m e .  T h i s  microprogram 

performed t h e  d i v i s i o n  i n  about 150 i n s t r u c t i o n s ,  l e a v i n g  50 t o  150 

i n s t r u c t i o n s  f o r  t h e  r e s t  of t h e  p r o c e s s i n g .  The memory r e q u i r e m e n t s  

of t h i s  Y-sort a re  24000 9 b i t  words. T h i s  p r o v i d e s  f o r  two b u f f e r s  

each  c a p a b l e  of h o l d i n g  t h e  s o r t e d  d a t a  l i s t s .  Double b u f f e r i n g  is 

used so t h a t  t h e  Y-sort p rocesso r  can  s o r t  t h e  d a t a  f o r  f rame n+ l  u s i n g  

one b u f f e r  w h i l e  the s c a n  l i n e  p r o c e s s o r  ( d e s c r i b e d  below) p r o c e s s e s  

d a t a  f o r  frame n u s i n g  t h e  o t h e r  b u f f e r .  Each l i s t  e n t r y  c o n s i s t s  of 

f i v e  9 - b i t  words of d a t a  and one 9 -b i t  l i n k  p o i n t e r  t o  t h e  n e x t  e n t r y  

i n  t h e  l i s t .  Y s  need no t  b e  s t o r e d  with each v e c t o r .  
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B. SCANLINE PROCESSOR FOR L I N E  DRAWINGS 

As each s c a n  l i n e  is p r o c e s s e d ,  a n  ACTIVE L I S T  of a l l  v e r t o r s  

i n t e r s e c t e d  b y  t h e  curlrent s c a n  l i n e  is  main ta ined .  New e n t r i e s  t o  t h e  

a c t i v e  l i s t  are t a k e n  Lrom the t o p  u f  L l i e  s o r t e d  v e c t o r  l i s t  produced 

by t h e  Y-sort p r o c e s s o r .  V e c t o r s  a r e  d e l e t e d  from t h e  a c t i v e  l i s t  

w h i l e  p r o c e s s i n g  t h e  l a s t  s c a n  l i n e  which i n t e r s e c t s  them. Each e n t r y  

i n  t h e  ACTIVE LIST c o n s i s t s  o f :  

where Xc i s  i n i t i a l l y  set  t o  X s .  For  l i n e  drawings u s i n g  t h i s  method, 

t h e r e  i s  no need t o  s o r t  t h e  ACTIVE LIST. Hence t h e  s c a n  l i n e  

p r o c e s s o r  s i n p l y  p r o c e s s e s  each  e n t r y  i n  t h e  p r e v i o u s  s c a n  l i n e ' s  

a c t i v e  l i s t  and t h e n  p r o c e s s e s  e n t r i e s  a t  t h e  t o p  of t h e  s o r t e d  i n p u t  

d a t a  l i s t  ( i f  a n y )  t h a t  are  i n t e r s e c t e d  by t h e  c u r r e n t  s c a n  l i n e .  The 

p r o c e s s i n g  done t o  a n  e n t r y  from e i t h e r  of t h e s e  two s o u r c e s  i s  t h e  

same. It c o n s i s t s  o f :  

1. C a l c u l a t e  Xc' = dx/dy + X c .  

2. P l a c e  i n t e n s i t y / c o l o r  I i n  a 512 word s c a n  l i n e  b u f f e r  a t  a l l  
x- loca t ions  between Xc and Xc ' .  

3.  I f  t h i s  v e c t o r  w i l l  b e  i n t e r s e c t e d  by t h e  n e x t  s c a n  l i n e  ( i . e .  
Y e  # y-value of c u r r e n t  s c a n  l i n e )  p l a c e  t h i s  v e c t o r  i n t o  a 
second ACTIVE L I S T  b u f f e r ,  r e p l a c i n g  X c  by Xc' .  Otherwise  drop 
t h i s  v e c t o r  from t h e  ACTIVE LIST by n o t  p l a c i n g  i t  i n t o  t h e  second 
b u f f e r .  T h i s  second b u f f e r  will b e  used as  t h e  pr imary  b u f f e r  on 
t h e  next  s c a n  l i n e .  

The memory r equ i r emen t s  f o r  t h i s  p r o c e s s  c o n s i s t  of two b u f f e r s  
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t o  doub le  b u f f e r  t h e  a c t i v e  l i s t  each c o n s i s t i n g  of 2500 !+bit words. 

A l s o ,  two 512 word s c a n  l i n e  b u f f e r s  f o r  h o l d i n g  t h e  i n t e n s i t i e s  ( t h e  

r e s u l t  of t h i s  p r o c e s s )  a r e  needed. 

The speed r equ i r emen t s  of t h i s  p r o c e s s o r  are  r a t h e r  h igh .  For  a 

maximum s i z e  ACTIVE LIST of 500 e n t r i e s ,  t h e  p r o c e s s o r  must p r o c e s s  one 

e n t r y  approx ima te ly  every 13011s. With today ' s  " f a s t  mic roprocesso r"  

s p e e d s ,  t h i s  i s  a n  imposs ib l e  s i t u a t i o n .  Fo r  r e a l i s t i c  images,  t h i s  

maximum s i z e  shou ld  seldom be  r eached ,  t h u s  r e l a x i n g  t h e  speed 

r equ i r emen t  and a l l o w i n g  t h e  u s e  of one o r  more " f a s t  mic roprocesso r s "  

i f  one i s  w i l l i n g  t o  u s e  a s t a t i s t i c a l l y  a v e r a g e  l e n g t h  a c t i v e  l i s t  and 

s e v e r a l  512 word s c a n  l i n e  b u f f e r s  t o  f e e d  t h e  v i d e o  g e n e r a t o r  w h i l e  

p r o c e s s i n g  s c a n  l i n e s  wi th  l o n g  a c t i v e  l i s t s .  T h i s  would normally have 

no e f f e c t  on rea l  t i n e  motion of t h e  images. However, i f  a l l  l i n e  

b u f f e r s  were empty when t h e  v i d e o  g e n e r a t o r  r e q u e s t e d  t h e  nex t  l i n e ,  

t h e  d i s p l a y  c o u l d  no t  con t inue  a t  t h e  normal rate.  An unmodified TV 

d i s p l a y  w i l l  u s u a l l y  not o p e r a t e  a t  a reduced ra te .  Some type  of 

d i s p l a y  w i t h  a v a r i a b l e  scan l i n e  p r o c e s s i n g  ra te  would be w e l l  s u i t e d  

f o r  t h i s  approach.  

However, a r e l a t i v e l y  s imple s p e c i a l  pu rpose  hardwired p r o c e s s o r  

can  perform t h e  r e q u i r e d  f u n c t i o n  f o r  500 v e c t o r s  i n  rea l  t i m e  f o r  each 

l i n e .  A d e s i g n  of such a u n i t  i s  g i v e n  i n  FIGURE 2 .  For c .o l , i p~r i son  

pu rposes ,  w e  w i l l  a ssume two s c a n  l i n e  b u f f e r s  and t h e  s p e c i a l - p u r p o s e  
# 

hardware p r o c e s s o r  of FIGURE 2 .  A more d e t a i l e d  d e s i g n  of  t h i s  

p r o c e s s o r  h a s  been done u s i n g  t h e  r e a d i l y  a v a i l a b l e  74Uu s e r i e s  l o g i c  

f a m i l y  . It i s  implementable f o r  about  t h e  hardware c o s t  of 
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implementing a " f a s t  microprocessor"  CPU. 

To a c t u a l l y  d r i v e  a TV o r  o t h e r  raster d e v i c e ,  a hardware v i d e o  

g e n e r a t o r  w i l l  a l s o  be  needed which w i l l  a c c e p t  one 512 word b u f f e r  of  

i n t e n s i t y  i n f o r m a t i o n  f o r  each  s c a n  l i n e  and g e n e r a t e  t h e  v i d e o  s i g n a l .  

A s i m i l a r  v i d e o  g e n e r a t o r  i s  needed f o r  t h e  f rame-buffer  a l s o ,  

so i ts  c o s t  w i l l  n o t  b e  c o n s i d e r e d  i n  comparing t h e  methods. 

method 

C. SCANLINE AND ACTIVE-LIST PROCESSORS FOR SURFACES. 

\ 
Shaded s u r f a c e  images can  b e  p rocessed  i n  much t h e  same manner as 

l i n e  drawings.  I n  t h i s  case w e  assume t h a t  each  v e c t o r  i n  t h e  ACTIVE 

LIST  r e p r e s e n t s  t h e  l e f t  s i d e  of a p l a n a r  polygon. T h i s  s u r f a c e  is 

assumed to  ex tend  t o  t h e  r i g h t  u n t i l  r e a c h i n g  t h e  n e x t  l i n e  t o  i t s  

r i g h t  i n  t h e  ACTIVE LIST. Th i s  r e q u i r e s  t h e  ACTIVE L I S T  t o  b e  s o r t e d  

on X c  from l e f t  t o  r i g h t .  Note t h a t  t h i s  r e p r e s e n t a t i o n  of s u r f a c e s  

does n o t  c o n t a i n  a s e p a r a t e  r i g h t  s i d e  f o r  polygon boundar i e s ,  so  

over lapping  s u r f a c e s  cannot  b e  r e p r e s e n t e d .  I f  t h e  image d a t a  shou ld  

c o n t a i n  two o v e r l a p p i n g  s u r f a c e s ,  one o r  t h e  o t h e r  of t h e  s u r f a c e s  must 

b e  d i sp layed .  I f  w e  do no t  d i s p l a y  s u r f a c e s  of less t h a n  one  raster 

u n i t  i n  width (below t h e  d i s p l a y  r e s o l u t i o n ) ,  t h e n  t h e  i n t e g e r  p a r t  of 

a l l  X c  v a l u e s  f o r  a l l  v e c t o r s  i n  t h e  a c t i v e  l i s t  a t  any one t i m e  w i l l  

b e  d i f f e r e n t  ( excep t  f o r  o v e r l a p p i n g  s u r f a c e s  w i t h  a common l e f t  s i d e ) .  

Thus t h e  a c t i v e  l ist  can be  s t o r e d  as a con t inuous  v e c t o r  i n  memory, 

u s ing  512 c o n s e c u t i v e  a d d r e s s e s  w i t h  each  a d d r e s s  a s s o c i a t e d  w i t h  some 

i n t e g e r  va lue  of Xc .  N e w  e n t r i e s  can b e  e a s i l y  p l a c e d  i n  t h e  c o r r e c t  

p o s i t i o n  i n  t h e  a c t i v e  l i s t .  E n t r i e s  may change p l a c e s  each scan  l i n e  

as X c  is  updated.  
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The scan l i n e  p r o c e s s o r  f o r  t h i s  scheme i s  s imilar  t o  t h e  p r o c e s s o r  

f o r  l i n e  drawings.  A block  d iagram i s  g i v e n  i n  FIGURE 3. T h i s  

p r o c e s s o r  a l s o  merges new a c t i v e  l i s t  e n t r i e s  f o r  s c a n  l i n e  n+l i n t o  

t h e  a c t i v e  l i s t  w h i l e  p rocess ing  s c a n  l i n e  n. These new e n t r i e s  are 

e a s i l y  p l aced  d i r e c t l y  i n t o  t h e  p r o p e r  p o s i t i o n  i n  t h e  a c t i v e  l i s t .  

With 2000 v e c t o r s  s p r e a d  over 512 s c a n  l i n e s  t h e r e  w i l l  o n l y  b e  about  4 

a d d i t i o n s  p e r  s c a n  l i n e  on  t h e  average .  However, t h i s  number c o u l d  

vary up t o  500 a d d i t i o n s  f o r  some unusua l  images.  

A d e s i g n  t h a t  h a n d l e s  e i t h e r  l i n e s  o r  s u r f a c e s  i s  o n l y  s l i g h t l y  

more complex t h a n  either FIGURE 2 or 3,  and would b e  t h e  more 

r e a s o n a b l e  implementa t ion  choice.  I t  i s  s imply  t h e  union  of t h e  main 

p a r t s  of b o t h  FIGURES 2 and 3 w i t h  a f e w  s w i t c h e s  l o c a t e d  a t  p o i n t s  

where t h e  two diagrams d i f f e r .  

S i n c e  t h e  act ive l i s t  da ta  i s  s o r t e d  on X c  t h e r e  i s  no need f o r  t h e  

512 word scan  l i n e  b u f f e r s  a s  b e f o r e .  I n s t e a d  a s i n g l e  word r e g i s t e r  

c o n t a i n s  t h e  c u r r e n t  beam i n t e n s i t y / c o l o r .  The p r o c e s s i n g  of t h e  

a c t i v e  l ist  can be  synchronized t o  t h e  c u r r e n t  X-value of t h e  raster 

scan .  A s  t h e  raster sweeps a c r o s s  a s c a n  l i n e  from l e f t  t o  r i g h t ,  X 

changes by one u n i t  each  132ns. The c u r r e n t  a c t i v e  l i s t  b u f f e r  is 

scanned i n  synchronism a t  t h i s  rate. When e n c o u n t e r i n g  a non-empty 

s n t r y  ( i .e.  t h e  l e f t  s i d e  o f  some s u r f a c e  i s  e n c o u n t e r e d ) ,  d a t a  i s  

loaded  from t h e  a c t i v e  l i s t  i n t o  a r e g i s t e r .  The I p o r t i o n  of t h e  d a t a  

i n  t h i s  r e g i s t e r  c o n t i n u a l l y  s p e c i f i e s  t h e  beam i n t e n s i t y / c o l o r .  An 

adder  (which e a s i l y  works i n  i 3 2 n s )  adds dx/dy t o  X c ,  and t h e  r e g i s t e r  

c o n t e n t s  are p laced  i n  a new a c t i v e  list b u f f e r  a t  l o c a t i o n  
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Xc+ dx/dy (p rov ided  Y e  c u r r e n t  s c a n  l i n e  y-value) .  T h i s  new a c t i v e  

l i s t  b u f f e r  w i l l  be t h e  i n p u t  b u f f e r  f o r  t h e  n e x t  s c a n  l i n e .  

T h e  memory r e q u i r e d  f o r  scan l i n e  p r o c e s s i n g  of s u r f a c e s  i s  two 

2048 9-bit  word a c t i v e  l i s t  b u f f e r s  (we need n o t  e x p l i c i t l y  s t o r e  t h e  

i n t e g e r  p a r t  of X f o r  each a c t i v e  l i s t  e n t r y ) .  No 512 word l i n e  b u f f e r  

i s  needed. 

The c o s t  ( complex i ty )  of  such  a s p e c i a l - p u r p o s e  p r o c e s s o r  as 

e s t i m a t e d  f rom a d e s i g n  u s i n g  7400 series l o g i c ,  i s  approx ima te ly  t h e  

same as f o r  t h e  p r o c e s s o r  d e s c r i b e d  i n  s e c t i o n  B. A comparable v i d e o  

g e n e r a t o r  is a l s o  needed as i n  B ,  

D. POSSIBLE MODIFICATIONS/E"ANCEMENTS TO THE PROCESS 

I f  t he  s c a n  l i n e  p r o c e s s o r  was implemented i n  s o f t w a r e  o r  used a 

slower inexpens ive  mic roprocesso r  t h a t  was n o t  a b l e  t o  e x e c u t e  t h e  

a l g o r i t h m  w i t h i n  one frame t i m e  on some complex p i c t u r e s ,  a mod i f i ed  

d e s i g n  could b e  used s o  t h a t  t h e  X p o s i t i o n  on each s c a n  l i n e  where I 

changes v a l u e  would b e  s t o r e d  i n  a n  encoded manner i n  a b u f f e r .  The 

l e n g t h  of t h i s  b u f f e r  i s  p r o p o r t i o n a l  t o  t h e  p i c t u r e  complex i ty ,  and i s  

g e n e r a l l y  much smaller than  a frame b u f f e r  memory. It c o u l d  be used t o  

keep t h e  d i s p l a y  r e f r e s h e d  f o r  many f r ames  by a r e l a t i v e l y  s i m p l e  

hardware d e v i c e  t o  g e n e r a t e  t h e  v i d e o  s i g n a l .  T h i s ,  of c o u r s e ,  

p r e c l u d e s  d i s p l a y i n g  a d i f f e r e n t  image on each f r a n e .  

One advantage of p a r t i t i o n i n g  t h e  p r o c e s s i n g  between t h e  Y-sort and 

s e v e r a l  t h e  s c a n  l i n e  p r o c e s s o r s  i n  t h e  manner d e s c r i b e d  above i s  t h a t  
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h idden  s u r f a c e  nlgorihms which produce r a s t e r  scdn o u t p u t  [ 6 , 7 , 8 J  u:.~', 

a t  a n  i n t e r m e d i a t e  s t e p ,  an ACTIVE LIST c o n t a i n i n g  t h e  d a t a  s o r t e d  i n  

t h e  same o r d e r  as the  ACTIVE LIST d e s c r i b e d  above. Thus i t  would b e  

p o s s i b l e  t o  r e p l a c e  t h e  scan l i n e  p r o c e s s o r  d e s c r i b e d  above w i t h  a more 

complex p r o c e s s o r  t h a t  would d i s c o v e r  t h e  o v e r l a p p i n g  s u r f a c e s  from t h e  

ACTIVE LIST and produce a d i s p l a y  w i t h  h idden  surfaces removed. The 

Y-sort p r o c e s s o r  could s t i l l  be  used t o  produce t h e  a c t i v e  l i s t .  In  

t h i s  case t h e  I value i n  the  ACTIVE LIST would normally c o n t a i n  a n  

i d e n t i f i c a t i o n  number f o r  each  s u r f a c e .  Also,  a n  even number o f  

e n t r i e s  would appea r  i n  t h e  ACTIVE LIST f o r  each s u r f a c e ,  c o r r e s p o n d i n g  

t o  t h e  edges where t h e  s c a n  r a y  e n t e r s  and e x i t s  t h e  s u r f a c e  as i t  

moves l e f t  t o  r i g h t  a long  one h o r i z o n t a l  s c a n  l i n e .  The i n t e n s i t y  of 

each d i f f e r e n t  s u r f a c e  i s  s u p p l i e d  by i n d e x i n g  i n  an i n t e n s i t y  t a b l e ,  

u s i n g  t h e  s u r f a c e  i d e n t i f i c a t i o n  number as index.  I f  such a p r o c e s s o r  

w a s  n o t  c a p a b l e  of p rocess ing  t h e  e n t i r e  image i n  one frame t i m e ,  t h e  

i n t e n s i t y  change b u f f e r  j u s t  d e s c r i b e d  cou ld  be  used t o  b u f f e r  t h e  

image f o r  s e v e r a l  frames. 

I V .  COllPARISON OF FFLQfE-BUFFER AND PROCESSOR FIETHODS 

Tab le  1 compares t h e  performance l i m i t i n g  f a c t o r s  of t h e  

frame-buffer  and p rocesso r  approach.  A frame b u f f e r  f o r  512x512 

r e s o l u t i o n  r e q u i r e s  262,144 9 - b i t  words of memory. The p r o c e s s o r  

approach d e s c r i b e d  i n  t h i s  pape r  r e q u i r e s  on ly  30,000 '9-bit  words of 

memory (29,000 words f o r  s u r f a c e s ) ,  o r  abou t  1 /9  as much memory as  t h e  

frame b u f f e r  method. 

The frame b u f f e r  approach r e q u i r e s  some p r o c e s s i n g  power t o  
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g e n e r a t e  t h e  i n t e n s i t y  p a t t e r n s  f o r  v ~ i t u r s  f r o n  t h e i r  e n d p c t n t  

d e s c r i p t i o n s .  To meet t h e  2000 v e c t o r  p e r  frame s p e c i f i c a t i o n  t h i s  

r e q u i r e s  a p r o c e s s o r  capab le  of p r o c e s s i n g  1 v e c t o r  and s t o r i n g  t h e  

r e s u l t s  i n  a frame b u f f e r  each 1711s. I n  t h e  p r o c e s s o r  approach ,  t h e  

s c a n l i n e  p r o c e s s o r  performs t h i s  f u n c t i o n  on t h e  f l y .  T h e  main 

d i f f e r e n c e  between methods h e r e  i s  t h a t  t h e  p r o c e s s o r  approach mlist do  

t h i s  c a l c u l a t i o n  i n  r e a l  t i m e ,  whereas  t h e  frame b u f f e r  approach may do 

i t  more slowly a t  t h e  expense of rea l  t i m e  motion. 

The frame b u f f e r  approach h a s  no component c o r r e s p o n d i n g  t o  t h e  

Y-sort p rocesso r .  T h e r e f o r e ,  t h e  equipment t r a d e o f f  between t h e  two 

methods i s  a Y-sort " fas t  mic roprocesso r"  and a s c a n  l i n e  hardware 

p r o c e s s o r  vs .  232,000 9 -b i t  words of memory and enough h o s t  p r o c e s s i n g  

power t o  g e n e r a t e  t h e  i n t e n s i t y  p a t t e r n s  f o r  v e c t o r s .  S i n c e  t h e  s c a n  

l i n e  p rocesso r  performs e s s e n t i a l l y  t h e  same a l g o r i t h m  , w e  may, t o  a 

f i r s t  approximation,  e q u a t e  t h e  s c a n  l i n e  p r o c e s s o r  t o  t h e  c o s t  of t h e  

h o s t  p r o c e s s i n g  power needed t o  g e n e r a t e  t h e  i n t e n s i t y  frame b u f f e r  

p a t t e r n s  f o r  i n d i v i d u a l  v e c t o r s .  An i n f o r m a l  su rvey  of t h e  c u r r e n t  

l i t e r a t u r e  shows t h a t  232,000 words of memory h a s  a c o s t  many t i i ae s  

t h a t  of a " f a s t  mic roprocesso r" .  We are  c o n s i d e r i n g  on ly  component 

c o s t s  h e r e ,  supposing t h e  f a b r i c a t i o n  c o s t s  f o r  232,000 words of memory 

i s  approximately e q u a l  t o  assembly c o s t s  of a " f a s t  microprocessor" .  

T h i s  assumption is based OR t oday ' s  approx ima te ly  e q u a l  i n t e g r a t e d  

c i r c u i t  count f o r  b o t h  t h e  memory and p r o c e s s o r  d e s c r i b e d  by FIGURE 3 .  

V. SUNMARY 

The a l g o r i t h m  and sugges t ed  implementat ion u s i n g  m i c r o p r o c e s s o r s  is 
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no t  p r o p n r t e d  to be t h e  b e s t  s u r h  a l g o r i t h m  o r  i m p l m e n t a t  i o n .  

However, i t  does show t h e  c a p a b i l i t y  of a m i c r o p r o c e s s o r  and a small  

spec ia l  pu rpose  p r o c e s s o r  t o  perform t h e  ras te r  s c a n  c o n v e r s i o n  

p r o c e s s .  Thus t h e  u s e  of t h i s  t e c h n i q u e  a p p e a r s  f i b l e .  

Economical ly ,  w e  conclude t h a t  u n l e s s  t h e  r a t i o  of p r o c e s s o r  t o  ilc.irtory 

c o s t s  changes d r a s t i c a l l y  f r on  i t s  c u r r e n t  v a l u e ,  i m p l e m e r i t . ~ t  i o n  

w i t h o u t  a frame b u f f e r  appea r s  t o  b e  p r e f e r r e d ,  based on today's 

component c o s t s ,  f o r  systems wih h i g h  r e s o l u t i o n  o r  real  t i m e  motion. 

L e s s  r e a d i l y  comparable d i f f e r e n c e s  i n  t h e  two raster c o n v e r s i o n  

p r o c e s s e s  a re  t h e  maximum p i c t u r e  complexi ty  l i m i t s  imposed by 

p r o c e s s o r  speeds  v s .  the maximum real-time motion p i c t u r e  complexi ty  

imposed by frame S u f f e r  memory speed and h o s t  bit-map g e n e r a t i n g  speed.  

Also n o t  r e a d i l y  comparable are  t h e  d i f f e r e n c e s  i n  s o f t w a r e  r e q u i r e d  by 

t h e  l o s s  of a frame b u f f e r  and t h e  a d d i t i o n  of a v e c t o r  l i s t  d e s c r i b i n g  

t h e  image. The frame b u f f e r  a l l o w s  easy r e a d i n g  of t h e  c u r r e n t  image 

a t  a g i v e n  ( x , y )  p o i n t .  Lieberman: 9 1 n o t e s  t h a t  t h i s  makes i t  easy 

t o  d i s c o v e r  t h e  edges of  any enc losed  r e g i o n  i n  t h e  image, o r  t o  f i n d  

one's way o u t  of a maze. On t h e  o t h e r  hand,  t h e  e x i s t e n c e  of a v e c t o r  

l i s t  d e s c r i b i n g  a n  image al lows t r a n s f o r m a t i o n s  t o  be  performed easier .  

A frame b u f f e r  s y s t e m  by G a r r e t t i 1 0 1  even i n c l u d e s  a v e c t o r  l i s t  f o r  

t h i s  purpose.  Note t h a t  i n  t h e  approach d e s c r i b e d  i n  t h i s  p a p e r ,  

real-time motion of t h e  e n t i r e  d i s p l a y a b l e  image i s  a u t o m a t i c ,  provided 

t h e  h o s t  computer o r  y e t  another  d e d i c a t e d  m i c r o p r o c e s s o r  can g e n e r a t e  

t h e  i n p u t  d a t a  i n  r ea l  t i m e .  On t h e  o t h e r  hand, w i t h  a frame b u f f e r .  

any a r b i t r a r y  memory i n t e n s i t y / c o l o r  p a t t e r n  can be  d i s p l a y e d  ( f l i c k e r  

f r e e ) ,  even w i t h  moderately s l o w  memory, so l o n g  as i t  does n u t  a l l  

move i n  real  t i m e .  
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Perf o rclance 
p ar ame t e r e f f e c t e d . 
XY r e s o l u t i o n  

Complexity of s t i l l  
p i c t u r e  

Complexity of real-  
t i m e  motion images. 

Limited i n  frame- 
b u f f e r  approach by: 

s i z e  of frame b u f f e r  

No l i m i t  w i t h i n  
r e s o l u t i o n .  

A b i l i t y  of h o s t  t o  
g e n e r a t e  c o o r d i n a t e s  i n  
real  t i m e .  
Speed of h o s t  CPU t o  
i n t e r p o l a t e  between 
v e c t o r  e n d p o i n t s .  

Write speed of frame 
b u f f e r  memory t o  a c c e p t  
new image b i t  map. 

Limited i n  p r o c e s s o r  
approach by: 

speed of s c a n l i n e  
p r o c e s s o r .  

Speed of a l l  p r o c e s s o r s  

A b i l i y  of h o s t  t o  
g e n e r a t e  c o o r d i n a t e s  
i n  r ea l  t i m e .  
Speed of s c a n l i n e  
p r o c e s s o r .  

Speed of Y-sort 
p r o c e s s o r .  

TABLE 1. 
FRAME BUFFER - PROCESSOR APPROACH COHPXRISON 
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